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Abstract

A specific need for low data rate communication study arises in the small probe
communication link in deep space missions. The low available transmitter power and
the large frequency uncertainty constrain the Gate rate to Le low. An all-digital
communi cotion receiver is proposed and its feasibility is established., Although
eoherent systems should be used whenever practical, the noncoherent MFSK system is
more suitable for very low data rates, The effect of Rician fading on the performance
of MFSK receiver is studied. Fading characteristics of the Venus channel are examined
based on the exponential model and avallable experimental data on the Venus atmosphere,
Becausze of the requirement of high communication efficiency, three concatenated ccdes
are evalusted and compared, The rapldly varying phase exror &t low data rate has
greal effects on the tracking loop hehaviors which are examined by extensive computer
study of the phase plane trajectories. Other topics digeussed in this report lnclude
the spectrum of split-phase FSK and the coding/modulation selection for Pilonser-Venus
cormunication systems,
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Chapter I Introduction

The exploration éf the surface of the near planets via janders as vell as
flyby missions toward the far planets will, for at leagt the next decade, be
restricted due to the Weight.limitations and the amount of electrical POVETr avall-
able. As a result, the use of high power transmitters operating in conjuncticn
with a directional antemna may not be pgssible. Thus the power level of telemetry
signals received‘on earth will usually be below thal necessary to periform coherent
detectionf‘ The bit rate is low due to the power requlrements.

A s possible solution to the problem; the use of M-ary noncoherent FSK has
peen considered for application in low-power space éommunications. Several forms
of spectrun analyzer receivers have been proposed [1,2,3] to perform optimal
detection in the presence of large Trequency uncertainty caused largely by doppler
shifts and the oscillator instability. The problems of time and freguency
synchronizations have been snaiyzed {51. and for eparific multipath models, the

Ceffects of muitipath on the communication system performance have been examined

[5,6].

 With the sdvent of digital hardware, & practical implementation 3f the M-ary .

noncoherent_FSK is the use of the fast Tourier transiorm (FBT) recelver. In the
ideal case the FFT receiver should perform evactly the same a8 the optimum nor-

coherent MFSK recelver. The system operation at low data rate allows the use of

sophisticated signal processsing. The performance of the digital system, however, .

il

is limited by the effects of quantization and finite word length. These problems
are examined in Chapter 5. Theoretical performance of the optimum noncoherent
MFSK receiver with and without multipath fading is considered in Chapter 3., Tor
tne "Rician" chennel model assumed, it 1is found that for a glven average error
probability, the required increase in the energy-to-noise density réiio to

combai the multipath fading is reasonably smell, particularly when the bit

dquration-IF filter pandwidth product is lerge.
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One important application of the low data rate communications is the
Pioneer Venus communication link., The dense Venus atmosphere causes & severe
fading on the communication link between the deéscending atmospheric entry probe
and the Harth. The most important atmospheric effect is due to the turbulence
in the Venus atmosphere. Based on the latest Venus T and Venus 8 data., we may
conclu@e now that fading effect is not as severe as early predictions based on
the Venus U data. In Chapter L, we examine the following problems: the
probability of different fading levels relative to the free space as a funetion
of altitude, the fading rate, the autocorrelation function and the spectrum of
amplitude and phase variations, and the spectrum épreading due to turbulence.
An exponential turbulence model proposed by DeWolf [T} is used in the aﬁalysis.
Tt is believed that the turbulent Venus atmosphere will not cause serious
commmication problem in the. forthcoming Pioneer Venus mission.

The ranacdtr of the M_ary nonecharent channel ds, hovever, very limited
especially at low signal-to-noise ratio [8]. Additional coding implemented by
concatenating the imner code and the outer Eode can provide low error rate )
without excessive decoding cemplexity. Performance of three aifferent concatenatgd.
coding technigues is stiudied in Chapter 5. The split-phase baseband format hag
become incressingly important. In Chapter 6, the spectrum of the modulated signais
with split-phase baseband is examined. The discusaion of this chapter clarifies
the ambiguities among all avallable results [31.

The performance of commandandftelgmetry asystems, useful in deep-space communi.
cations, is freguently affected by the radio~frequenc& phase error which is intro--
duced at the point of reception by means of the carrier tracking leop. In iow
data rate communications, the phﬁse error may vary rapidly over the duration of a
signalling interval. If the input phase is varying according %o a polyncmial

funection of time, then the phase error can be reduced to zero in steady state by
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using higher order loops. Exactly how the phase error is varying in time is not
known. One way to model the phase variation is to assume that it be a sinusoidal
‘functioﬁ of time. Extensive computer analysis of.the phase-plane trajectories-has
shown that there are threshold values for roth the frequency and amplitude of such
sinusoidal variation. This is the subject of Chapter 7.

In Chapter 8, we consider different candidates for coding and modulation and
the interplex system which provides a coherent system without relying on ﬁhe{perfebt
reference signal. Finally in Chapter 9, the conclusions and recommendations for

further study is presented.
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Chapter IT The Fast Fourier Transform Receiver

1. Introduction

The advent of large scale integration has suggested a new approach to signal
processing problems. In the design of communication receivers, the trend has been
toward the increased use of digital circuitries. The speed of the present digital
haerdware, however, has prevented the data rate from peing in the range of gegabits
per second, TFor low data rate communication such as between 1 kilobits per second
to 1 bit per second or lower, the digitial system is not only technically feasible,
but also has potential cost reduction overtthe existing receiving systems. The
low data rate commumication system we consider here is designed primarily for deep
spacé communications. It is also sultalble for other applications as leong as the
data rate ig reasonably low. The digital filters employed in the system can operate
fast enough s0 that it may be time-shared among a number of channels.

Poy deen spoee applicatione, such as the romremication hefween the earth and
& probe in the atmosphere of Venus, the small transmitter power of the prote has
consfrained the dats rate to be low. The large frequency uncertainty caused
primarily by the osciliator instgbility and the‘dopﬁier effects requires a large
ir filter bandwidth and thus the received signal-to-noise ratio is very small.

To have an efficient communication, it is necessary to remove such frequency
meertainty. A small smount of frequency error which cannot be removed may be
tracked by an automatic frequency control (AFC) loop., In this chapter we propose
a fast Fourier transformer receiver where all components are implemented digitally
except the frequency down conversion. To perform the mixing oPefation at 2.3 GHz,
the typical operating frequency, by using digital circuitry is not feasible at the
present time. Correlatién operation in the kilo-hertz freqﬁency range, however,

can easily be performed digitally.
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There are practical limitations on the digital systems. For example, the
computer word length is finite and the A/D converslon error and the round off
error are unavoidsble, Such limitations will be examined in detail.

II. System Configuration and the FFT Operation

The propsed system is shown in Fig. 1. With the exception of the frequency

"down conversion and the local oscillator, the receivihg system can be implemented
digitally. The input to the A/D converter can have a frequency of several hundred
hertz to a few thousand hertz depending on signalling frequency and the uncompensated
frequency weertainty due te oscillator instabiliity and doppler Trequency variations.
The sampling rate should be at least twice of the larges£ frequency of the input
signal, Experience has indicated that the desirable sampling rate be four or five
times of the signal freguency. The digitized data may be recorded in magnetic tape
to guard against the loss of data due tc system failure such as loss of lock in time
or freaouency svnchronization. Digital filtering of the digitized data reduces the
noise in the received signal. This operationvis optional if the signal-to-noise
ratioc is high but is essential if the signal-to-noise ratic is low. The discrete
Fourier transform {DFT) of the data is performed by'ﬁsing the fast Fourier transform
(FFT). The square of the magnitude of DFT is proportional to the power spectrum.
The decision is based on the freguency of the largest spectral component. In the
absence of noise, the receiver will always select the correct frequency. However;
the magnitude of the measured spectral peak erends on the word timing error. In
the presence of noise, time sync. loop provides the word iracking. The frequency
sync., loop determines the frequency drift énd provigdes an up—to—daﬁe estimate of

the actual frequency. The local oscillator frequency can then be adjusted according
to the freguency estimate. As the data rate is low, theré ig sufficient time for
on-line, i.e. real-time, operation of the complete system to provide continuous
frequency and time tracking and the signal-to-noise ratio improvement via digital

filtering.
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The fast Fourier spectral analysis can be very sensitive to the signal-to-
noise ratio. Conzider two FSK signals of frequencies 100 Hz and 200 Hz. Each bit
of the received data contains one of the two sighals plus an additive Gaussian
noise, The bit duration is 1 see. and the sampling rate is 1000 samples per seéond.
The bit duration - IF filter bandwidth product is thus equal to 100. For signal -to-
noise ratios (S/N)i = 0.1 and 0.01, Figures 2 and 3 show the powef spectra of a
FEX signal plus noiée. All spectral peaks are detected correctly in the signal-
to-noise ratios considered., To avoid possible false spectral pegks which cause
decision errors, it may be necessary to do some signal processing to increase the
signal-to-noise ratio. By doubling the sampling rate we can use twice as many |

signal samples per spectrum, The adjacent points in the power spectrum can be

averaged to give [1],
2N - 2N -1
Hn)ZI% ;gz xiemﬁ-j %inﬂ2+1% .z Xieﬂ>b(j% iln +1)]
(2.1)

Figure 4 shows the power spectra of the "tyo-point" averages given by Eq. (2.1).
Very little is changed in the spectral pealks but the noise is smootq§d,somewhat.
Increasing the number of averaged points to, say, 4 and 10 may not have the
desired improvement. This is illustrated in Figure 5 for (S/N)i = 0,1 and_Figuré
6 for (S/N)i = 0.01...It appears that 4 is the maximun number of points that can
be averaged to obtain any meaningful improvement from spectral averaging., Other
consideratioﬁs of the spectral averaging have been given by Winkelstein [10]. The
use of adigital bandpass filtering can alsc lmprove the power spectrum.

The FFT receiver usually has more difficulty to deteet the highest signal
frequency component unless the sampling rate is much higher than such frequency
([3]; 'whe signal—to—noise ratios in Ref. 3 sholdd be &vided by a factor of 2).

In spite of some practical problems with the FIT receiver as described above, the

use of sophisticated signal processing at low data rate makes the FFT receliver a
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very féasible system for deep space communications. Furthermore, the FFT hard-
ware presently available has a speed several times faster than the use of FrT
software. Such improvment in processing time frem using digital devices 18
particularly importéﬁt for real;time applications,

 The probability of error of the fast Fourler transiorm receiver is the same
as the cptimum nonccherent MFSK {multiple frequencylshift keyed) receiver. IT
sampling, guantization and finite word length effects are considered, the performance
will no longer be optimum. The sampling rate can always be chosen to be large
enough to have neéligible effecté. Quantization and finite word length effects
may sericusly limit the use of the FFT OPETatiOn.‘ Tﬁese problems will be discussed
later,

III. Freguency Tracking in the MFSK Recelvers

A large amount of frequency drifts that cause nncertainty may be removed by
prior knowledge and prediction. However, other drifts will surely remain, and it
is necessary to track these in any practical system. BSeveral techniques of freguency
tracking have been proposed. Goldstein's fechnique [11 cbtains a frequency dis-
eriminator characteristic (& curve) by taking the difference, Fo off the two terms -

in Eq. (2.1) ss an estimate of the current frequency error,

Fn =T - T, : (z.2)
where
28— )
r_ = |i- Nzl x, expl- § = in}|2 ' :
n N =ty i N : ;

is the nth spectral line. Let T be the signal duration. The nominal signal

' . 1 . .
freguency here is {n +_§J/T, centered between two adjacent spectral lines. F_1is

filtered and used to correct the local oscillator tuning as in any frequency-locked

loop. The procedure is simple as 1t involves only FFT. One practical problem,

however, is that Fn is not necessarily equal to zero even 1f there is no frequency
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drift and no noise. Furthermore the method is suitable for very small frequency

drift which may not be the case in practice.

The second technigue due to Ferguson [2] is to use a weighted average of the

k closest spectral Ebmponents, where k is some small integer. If the received

slgnal is norminally at frequency n/T, then the estimate is
k/2
F,. = C E a
i=k.k/2

2.
3 n+i (2.3)

where C is & normalizing constant and the ai's are & set of line§rizing welghting

coefficients. This technique of course is highly dependent on the choice of the

a,'s, |
The third technique dus to Chadwick{11l] is based on the spectral lines nearest

to the observed frequency. Let Ty be the spectrsl component of the observed

be the adjacent spectral lines with fregquency 1/T Hz

frequency and r and r

+1 1
larger and smaller, respectively, th@n the observed frequency. The freguency

estinate is

T = r.i.—lr._...l:..:%_ i - (2.11'}
n 2r T ' ) ]
. o .
which tends to have less aceuracy than Eg. (2.3) and is useful only %o very small
frequency drifts.

The fourth technigue due %o Simon [12] is an improvement of the third technigue.
The freguency estimate proposed by Chadwick and used in a closed lecop tracker
suffers from the fact that it is biased., In fact Simon [12] was able to prove
that a frequency estimator based on spectral estimatesltaken at integer multiples |,
of 1/T cannot be unbiased. To be unbiased, the conditional mean of the frequency
estimate must have the.linear variation. It turns out that all freguency estimators

made up of spectral estimates taken at multiples of 1/T have a conitional mean

which has zZerc slope at the origin. Simon proposed an estimator which is derived
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from'spectral estimates token at the adjacent 1/2T points. His estimate is

1 — ¥ :
F o= e E | (2.5)
n 2(r

W r;%)

Mthough this reguires a slight inecrease in spectral computation, the variation'of
the conditiconal mean of ﬁhis estimator is linear in the neighborhocd of the origin
and thus presents a better estimator for constructing a closed loop frequency
tracking algorithm.

The fifth technique digitally implements the sutomatic fréeguency control locp
for frequency tracking (See Fig. 1). Detail discussion of the digital AFC loop is
given in Ref. 2 where it is shown that the variance of the freguency estimate is
samaller than that of Eg, (2.4). The time sync; locp can be implemented digitaliy
in a similar menner as the AFC locp.

IV. FREffects of Quantization and Tinite Word Length

The A/D [analog o digital) ronversion error and the round-ofi error of Lhe
digital AFC loop are described in Ref. 3. It is shown that a commercially available
14 pit register length is adequate to provide a signal-to-nolse ratic of over 40 4B

in digltal filtering.

©.

The round-off noise has a more serious effect in the FFT cperation, Let EO‘
be the guantization interval. For H-point FFT, the round-off noise variance with

fixed peoint arithmetic is given by [13]
: 2 |
2 Eo .
ay =ML ) (2.6)

which is proportiocnal to W. The variance can be reduced by scalling, such as the

i
v

multiplication factor of 1/2, at each stage of the FFT operatiocn. Scaling, of
course, requires a slight Increase in the digital hardware. With scaling, the

variance becomes

o
%) ~ 1
9 T iz , o
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but the noise-to-signal ratio is SNEi which is still proportiocnal to W. In low
data rate communication, a typical vaiue for N is 1024, To achieve a signal-to-
noise ratio of U0 dB, the required reglster 1engthris 13 bits. If the siganl .
dymamic range is alé& considered, much longer register length is needed. Thus
the nurber of points that can effectively be performed by a given FFT hardware or

soffware is limited, If the floating-point arithmetic is used, the mean square

error {rownd-off noise variance) is upper bounded by [14]

2 Ei | | 5
il — ' 2,
oy < 3ul 3 ) | (2.8)
¥ = 2" is a power of 2. For K = 102k, the variance given by Eq. (2.8) 1=

where
greater than that of Eq. (2.7) but smaller than that of Lg. (2.6).

V. Concluding Remarks

With the present technology in digital devices, we have shown that the propoéed
all-digital low data rate commmication system which employs a fast Fourier trans-
forn receiver 1s cowplebely Teasllle Tvom both perivrmance and eCOnomy viewpcint
The effects of the quagtizaxion and finite word length on the digital system per-
formance are normelly very significant, It is shown in this chapter, however, that
by properly designing the digital filters and implementing the FFT ééerakion, such
effects can ﬁe minimize@. A commercially available 14 bit register‘iength can
provide a signal-to-ncisc ratio of over 4O 4B in both digital filtering and FFT.:
With continued improvement in the digital hardwares, there is every reason to

believe that the proposed all-digital system provides cost-reduction over existing_

receiver systems.
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Chapter IIT Performance of Wideband Noncoherent MFSK System with Multipath Fading

I. Introduction

Reports from the Mariner V S-band measurements f15], [16] and the Soviet
Space Probe Venera 4, 5 and 6 have both indiceted the severe fading of radio
signals at the turbulent Venus atmosphere, Refraction of the radio beam by the
charged particles of the upper atmosphere and the gases that constitute the lower
atmosphere produce changes in frequency, phase and amplitude of the signal recelved
at the deep-space tracking stations on the Earth. In addition, the amplitude of
this signal was affected both by defocusing and absorption in the lower atmosphere.
It is necessary to consider the performgnce of the nonccherent coded system under
varicus fading conditions, Glean [17], Schuman [18), and Chadwick [5] have
examined the effects of multipath fading on the low data rate commmications.
Their results, however, are inconsistent and limited to the wideband binary FSK,
The Gaussisn essumption made by Glenn for very‘large IF filtef bandwidth (bOHz}
and bit-duration (Tb) product masy not be wvalid for intefmediate values of boT s
say 1 < boTb < 10, In this chapter the exact errér probability of the wideband
noncoherent MFSK receiver is derived from using the ﬁeli known "Rician" channel
model [19]. The received signal consists of the specular and the random scatter
(diffuse) components, The results correspond to the situation that the reflected
siganl has a much larger bandwidth then the direct signal and that the time delay
between the direct and the reflected signals is much less than the bit duration.
This represents the most important kind of multipath fading. Other multipath
fading conditions that may limit the perfofmance more but have & smaller probability
of occurence are also. considered. They are: tl) the reflected signal amplitude is
assumed to becenstant over a bit period but veries randomiy according to the
R&yleigﬁ distribution from bit to bit, and (2) the delay cof the reflected signal
“exceeds one bit period. The reflected signal may then be considered'as:part of

the edditive noise,
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1I. Error Probability Computation
Consider a noncoherent MFSK receiver which has 2" parallel channels where n
is the number of information bits per word. In the absence of multipath fading,

the probability derisity of the output of the kth channel which is mateched to .the

kth signal input is [20]

1 Xk + 2nk VQnExk
po) =y e - s ' 5 (gsr 5 %>% (3.1)
oo b oo b o oD

= 0 otherwvise

where E is the signal energy per bit. For boib = 1, and with multipath fading,

Lindsey [21] has shown that

*x 116 T+8|o0 1+ 8)2

0 otherwise

3N, = 0 (3.2)

]

and the probability density of the output from other channels which are not

-

matched to the kth signal is

p(yi) = ply}

exp (<y); y=>0) 3 #k
0 otherwise }

The parameters p and B in Eq. {3.2) are, respectively, ﬂ times the energy-to-noise
ratic per bit of transmittea informaﬁion produced by the specular component and

n times the energy-to-noise ratio per bit of transmitted information produced by

the seatter component, i.e.

2 2
p=n( &E); 8=n( L) o | (3.4)
o] o

where o is a factor proportional to the strength of the specular component and 02
is the variance of the scatter component. By comparing Eqs. (3.1) and (3.2), with

= 1, we note that in going from "no fading" to "with fading", the following

bp:b
change is made:
E - E m2

. 1
N +No T+8 % 7% T+68
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. ' - 2 )
By using the transformation x = X, Ll-é*%—-@—)-and multiplying E/No‘by o /(1 + 8),
o -

Eg. (3.2} becomes

1 x +p box
p(x) = T e - [T ap o I e s x > O
1+ B bOTb I+ B bOTb o) (1 + ijOTb

(3.5)

= 0 otherwise

At the output of the kth channel, the sample average of M = boTb samples 1s denoted

as u. The characteristic funetion of u is

(8] = ———e n—E-'——-—“e (1'”"1” ) (3.6)
! _[l-i(l+5)t]M EXP"N01+8 — T L - i{1 +Blt -

Similarly the sample average v of M samples in other channels has the characteristic

$(t) = S S ' | (3.7)

The probability densities p(u) and p(v) can be determined from Eqs. (3.6) and (3.7)

respectively. The exact error probability is

1

}.

|

g

bl
—

o

e
jas

£

PE(n}

© nkE o

Ty (2 N 1B ) . (1+8)
© _(w nE a ) o CfM-1) | ul 1+g

=1 _f o 1tR j@:ﬁ )M_l‘ U2 -1t
o N, 1+8 (3.8])
. n
M-l v 2 -1 4
v e dv

Fguation (3.8) is consistent with Lindsey's result [21] for M = 1 and Chen's result

{20] for no fading case (B = 0, a = 1),

. _(2 u n
_ () e M N, 1 M1 -v. |27 au
PE(n) =1 - J o [TSRE e dv
M-1 ' '
o ( f22) ° (3.9)
o
where
1 ;e vy, - M§1 M-kl
(M-1)7 | Wlg  (Mk-IT
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A listing of compﬁfér prégrams to calculate Eq. (3.8) is given as Appendix of this
chapter. Fguation (3.8) is also similar'to an error probability expression derived
by Lindsey ([22], Eqs. (37) and (33)). Accurate computation of the integral in

the Lindsey's expression hgs recently been made by Adams [23], which is adﬁpted

to the computation®* of Eq. {(3.8). For M = 5, 10, and 100 with ¥ = 4 and 6%, the
error probabilities are plotted in Figs. 7, 8, 9 respectiwely, versus the total
average recelved signal energy per bit to noise density ratio,

®)8/n = (a® + 26%)E/m | (3.10)

2y

(L + vy
2 5 2 . .
for y~ = 0,1,10, and 10 (). For y =, (1L + vy )8/n= E/NO. It is interesting
to note that for communication channels which are largely scatter in nature, i.e.
72 < 2, the error performénce improves as M increases for large E/NO. Mso the
performance degradation due to multipath fading decreases as M becomes large. This
is brobably due ‘to the fact that the MFSK receiver is a noncoherent energy detector

and the reflected signal tends to increase the total signal energy.

III. Other Multipath Fading Conditions

The above results are based on two assumptions: (l? the reflected signal is
purely randem and the direct signal contributes to fhé nonrandom {specular) component
of the received data, and (2) the reflected signal has a negligible time delay from
the direct signasl, The second assumption is clearly justified in view of the vast
cormmnication distance involved. The first assumption holds when the altitude of
the space probe above the Venus surface is large enough that the Venus atmosphere

has little effect on the direct signal,

#The author would like to thank Dr. Lindsey for calling his attention to the
computer program prepared by W.B., Adams, and Mr. Adams for using his computer

program [23].
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If the Second-assumption is not satisfied, the feflected signal may not be
received at the ssme bit duration as therdirect signal. Consider the worst case
that the reflected signal Prdvides ne information and can be included in the
additive noise. Then the average received energy-to-noise density ratio per

information bit is
2E 2
= = — | - \ | . (3.11)
20 B + N 1+ = ‘
o] B

That is the total received energy-to-noise density ratio per bit is reduced by a

Tfactor

o _
+ 1+ 2 .
(1 + v )é 8/n) > 1, ¥ £ 0 (3.12)
Y .
The error probability given by Eq. (3.8) is still wvalid if the regquired increase

given by Eq. (3.12) is taken into account in plotting the error probability. For

2 ' . . . .
Yy~ = 0, then the receiver does not recelve any useful information and the

probability of error is 1 - 1/N. As B increasgs, Bq. (3.12) indicates that the
required incvease in the energy-to-nolse dencity ratic ic almest a lines
ot 6.

Next we consider the case that the first assumption is not valid., The re-
flected éignal is now assumed to be constant over a ﬁi; period but varies randomly
’according to the Rayleigh distribution from bit to -bit. Furthermore, the time
delay of the reflected signal is assumed to be negligible. The error probabllity
can be derived as follows., First obtain the error probability without fading by
setting B = 0 and o = 1 in Eq. (3.8). Consider now 8 = E/T, as & random variable
with Ricien distribution, |

. 88 }
p(8) = L ex [ . <s+sb>} | e | (3.13)

2¢ 20 o
where Sb is the power of the direct signal component. The error probability without

fading is then multiplied by Eq. (3.13) and integrated with respect to 8 from O to «=.
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In conclusioﬁ,_it is remarked that multipath fading is an important

consideration in the forthcoming deep space missions., An accurate evaluation

of the multipath fading effect requires a realistic channel model which has to

be derived from the experimental results. As severe fading occurs only for a

short period of the entire mission, the percentile error probability must also

be computed.
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Chepter IV Atmospheric Effects on Pioneer VEnus.Communication Links

I. Introduction

Based on the comminication signals received from Venera 4, 5, 6 an& T, there
is_definitely observed fad;ng which mey be caused by turbulence in the Venus
atmosphere. In order to determine the possible effects that turbulence could have
on an S~band communication system, theoretical studies have been made [T, 22, 23,
24, 25, 26] to compare with the limited experimental data available. Assumption
was made in these studies that the observed effects were indeed due to turbulence.
It was recognized, however, that ofher factors sucﬁ as absorption, fefraction and
defocusing, and the unexplained motion of the probe, may alsc contribute td the
observed fading., But since turbulence appears to play the dominant role, it is
necessary to see what type of S-b#nd effects might produce, and the implications
of these effects on the S-band commumication systems.

Venera-7 data indicates that there is no %ading at 1 GHleith radio waveé
propagating vertically through the entire thickness of the Venus atmosphere.
Fading is still severe as the space probe traversed the planet's atmosphere.

These conclusions are not consistent with the earlier reéults from Venera-l4 data.
Venera-] data should be more reliable, however, as the probes did land on the
Venus surface. Additional reports on turbulence effects and Veners-7 data are
available in Refs. 27-31. Reference 27 is particularly informative on Venera-T
data. A summary of U.S. efforts on Venus study is given by Ref. 32, “

Along with the limited experiméntal daté, theoretical studies ﬁre useful to
draw meaningful conclusions of the turbulence effects on radio wave propagation
through the Venus atmosphere. The bock by Tatarski [33] provides a'usefui back-
ground for the study. The theoretical problem areas to be étudied are as follows:
1. The ﬁrobability of different fading levels relative to free space as a function

of altitude.
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2. The fading rate, i.g.‘the number of fades per second.

3. The autocorrelation function of the émplitude filuctuations about the mean
value,

4. The autocorrelation function of the phase fluctuations about the mean wvalue,

5. The phase and frequency spectra.

6. The spectrum of the frequency fluctuation aboﬁt the carrier frequency, i,e,
the spectrum spreading due to Burbulence,

IT. Tading Levels

Fig. 10 shows the geometry assumed for the propagation problem. The procedure
Tor calculating fading levels is as follows.

The fading of Venera-h asla function of altitude can be approximated by_[26]?
o,(z, 0.9% GHz, 6 = 0°) = 1.175 exp(- 0.0785 z) . (4.1)
over the 20-40 Km altitude range, where

2 <A2> - <A>2 . i I
W 2 (%.2)
' <A>

A is the signal amplitude, z is the height above the Venus surface, and <> denotes
the time average. These measurements were taken at a frequency £ = 0.94 GHz and at
a sub-earth point, i.e. 6 = DO. Note that the scale height as defined by Eq. (4.1)

is h = 1/0.0785 = 12.7 Km. When the frequency and 8 are changed, scaling laws

mist be used to calculate ¢,. Under rcasonable assumptions, the following [26]
are two possible cases for scaling ci .
2thA
Case (a): LO v
o 2
2 X : _
O, = const, v (§.3)
2mhA
Case (b): LO <¥ ppy
/6
G% = const, k,, (L. u)
H FE iy aw)

{cosB)
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where Lo is the outer scale of turbulence, k = 2TAh , and A is the wavelength.

Using the scaling laws (k.3) and (4.4} and Eq. (4.,1), we find,

Case (a) UA(Z, 2,3 GHz, & = 60%) = k.07 exp(- 0.0f85 z) . (4.5}
Case (D) OA(Z, 2.3 GHz, & = 600) = 3,74 exp(- 0.0785 ) (L.6)
Given Ops the Tading level distributions can be calculated assuming that the

probabiiity distribution of the amplitude gseintillations is Rice—Nakagdmi (a
econstant vector plus a Rayleigh distributed vector). Based on DeWolf's formulsa
[22], we let Ty = O The signal with electric field E{s) becomes a constant-
plus—Raylelgh dlstrlbuted vector, 1.e.

E(s) = E_ (s)[exp(—s ) + §B] (%.7)
where 8B is Rayleigh distributed, with zero mean and <|6B| =1 - exp(— 202).
For ¢, or O_ caleutated in (L.5) or (4. £), we can compute the Norton parameter K

A
defined by DeWolf [22] as

K = 10 1qglo[ey_p(2a§) - 1] , -\ (4.8)
which is the ratio of powers in the two terms of Eq. (B.7)

Using the formulas in Ndrton's paper [3h],.the probability of different fading
levels may be found. A computer frogram which was originally prepared by
Ir. Strohbéhn was adapted here for the ccmputation-of the fading levels for various
probabilities as & function of altitude. A listing of the compyter programs for
fading level computation is given as the Appendix to this chapter. Because of the
uncertainty on L_, both Egs, (4.5) and (4.6) were used for scaling. For carrier
freguency 2.3 GHz and B8 = 600, the two scaling laws provide essentially the same
results. For probabilitles less than 0.05, the fading level vs tﬁe altitude plots

shown in Fig. 11 have dips at altitudes between 20 and 25 km for both scaling laws.

The problem [36] is essentially due to the fact that cquations for generating the
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fading levels are-pblynomiél approximatiops in the parameter k(kl, k2 in the
computer printout). Sinec€ only a few terms are kept in the approximations, the
results are very poor for k values close to unity. It is noted that the dips

all occur between 20 and 25 km where the k value is going through wity. A
simple curve fitting through this trobulesome region still prdvides asccurate
results., TFig. 12 is the fading level plot for various probabilities. The tran-.
sition fromp = 0.15 to p = 0.20 is not a smooth one; so two separate plots are
provided in Fig. 12. Other fading level plots are given by Chen [36]and
Strohbehn [26].

ITT, Fading Rates

Given that there may be stroqg fading, the next parameter of interestis the
fading rates. In order to get a feel for the magnitude of this parameter, it was
approached from several different directions. The first two estimates were based
on the ohserved fading rste of 1 fade/sec. as measured by Venera-4 and reported by
DeWolf [22]. In the first estimate, it‘is agsiumed that the fading rate will scale
as

£, (2, ) (1.9)

2

where fA is the fading rate and fC and fC are the carrier freguencies. This
1 2

formula assumes the fading is dominated by local winds. It gives a value of about
1.5 fades/sec, for a carrier frequency of 2.3 GHz. The second estimate assumes
that the motion of interest is the velocity of the probe, asnd the scaling law

becomes

alfo > vl = fA(fCl’ ;) v (4,10)

Again at 2.3 GHz, fA = 1,5 vz/v:L where v2/vl is the ratio of the velocities of the

new probe to the Venera probe.
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The third estimate waé made COmplétely independently .of the Venera-h data.
Tt is kxnown from turbulence theory that the critical size éf an inhomogeneity 1o
produce fading is roughly,

Lc=j1‘—é£ . (L.21)
wheré 1 is the effective path length in the turbulent medium. The fading rate then
is |

L9

where v? is the wvelocity of the probe perpendicular to the line-of-sight of the

propagation path. For the case of interest here,

g, =280 | (4.13)

e

For A = 15 cm, we get fA = 3,6 v/#fl If the probe is moving on the order of
30 m/sec in the lower part of the atmosphere, then ﬁe get fA = 0,54 to 1.5 fades/sec.
as the effective length, L, varies between L0 %m and 5 Km,
The above calculations give us a roﬁgh igea for the eﬁpected fading rates.
A more sophisticated model can be used to predicﬁ the fading rate as a function
-of altitude by knowing the velocity of the probe and'usiﬁg an exponential model
for the turbulent atmosphere.
For Venera~T7, the vertical velocity before impact is 17T wm/sec, The feding
rate from.Eq. (4.12) is 0.985 fade/sec. It may be concluded from the above

discussion that the maximum fading rate is 1.5 fades/sec.

IV. Concluding Remarks

" The autOcorrelatlon functions of the amplltude and phase fluctuations, and
the phase and frequency spectra and spectrum spreading é;e all described in detall
in Refs. 26 and 36. It was shown that neither the pahse fluctuations nor the
frequency spreading would be a major problem in system considerations., The wvery

limited preliminary report available on the "Wenus-8" data indicates that the

date from "Venus-8" are similar to that from "Venus-7" [35].
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It is reasonable'tomconclude that based on the Venera data and the
exponential turbulence model proposed hy.DeWolf, there will always be strong
fading at low altitude (below 20 km), particularly near the Venus surface.
Fading is least significant if 6 = 0°. Further study on the subject matter of
this chapter is much needed, however, io assure the success of the forthcoming

Pioneer~-Venus mission.
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Chapter V Concatenated Coding for Low Data Rate Cormunications

TI. Introduction

In deep space commmications with distant planets, the data rate as well as
“the operating signhal-to-noise ratio may be very low. To maintain the error rate
also at a very l;w level, it is necessary to use a sophisticated coding system
(longer_code) without excessive decoding complexity. The concatenated coding has
been shown to meet such reguirements in that the error rate decreases exponentially
with the overall length of the code while the decodexr complexity increases only
algebraically. Three methods of concatenating an inner code with an outer code
arelconsidered. Performance comparison of the three concatenated codes is made,
Tt is shown that the concatenated code with inner code a convolutional code and
outer code s Reed-Solomon code performs the best among the three. Refs. 37-k46
contain most of the available infermations on the Concatenated code. Performance
of the concatenated codes in the presence of m;ltipath fading‘has not heen con-

sidered. This chapter is based on Ref. UT.

II. {oncatenasted Codes

The three concatenated codes consideredrare:
Code T. inner code a bi-orthogonal code, outer code a generallized Herming code
or Reed-Solomon (R-S) code.
Code II. inner code a convolutional code, outer code a block orthogonal code (MFSK).
Code III. inner code & convolubtional code, outer code a R-5 code.

Other methods o% concatenation are possfble. For example, two k = 6 ﬁy v o= 2
convolutional codes can be concatenated to-five a 9 by 4 code. Here k is the
constraint length and 1/v is the rate of such a code. Eaeh convolutional code c¢an
hé decoded by using Viterbi's decoding scheme. Erickson thl] has shown, however,

thet the concatenation of Viterbi decocders does not appear to be useful in the
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present context of the pi;ﬁetary program, He conjectured that the most
appropriate outer code, in any coneatenation scheme involving a Viterbi algorithm
inner'decoder, was a high-rate algebraic block code.

- Copsider first a generalized Hamming code as the outer code [38]. The éode
has n elements including k information (data) elements and m = n - k check elements.
Tach data eclement is a six-bit bi-orthogonal code word. ‘The receiver performs
both error detection and correction. The generalized Hamming code which has a
Hamming distance of three is a specific case of R-S code. For the R-S code, the
minimum distence &, between two code words is related to the number of check
elegents, m, by d,= m + 1. The meximum number of correctable elements for each

code word, t, is equal to m/2. The probability of the bit error after both error

detection and correction is

+
o - PAAE PBAh (5.1)
- i .
where PA = probability of bit error at the detector ocutput, FB = propabriiivy of

bit error at the corrector ocutput, and A2 and.Ah are the normalized data guantities
ot the detector and the corrector outputs respectively [38].

_ Without restricting %o the Hamming gistance of 3, Forney [37] and Simpson [40]
have considered the bi-orthogonal inner code and the R-S outer code. A4 typical
concatenated coding system is shown in Fig. 13 where the R-8 code can sorrect up
to 2 errors. The main difference among the three reporis (371, [38], [LkO], is in
the decoding method. Forney considers both the maximum likelihood decoding and
the generalized minimum distance decoding of the R-8 code. Both Miller and Simpson
use the slgebraic decoding for the R-3 code although their efrér probability

expressions are inconsistent. The digit error given by Simpson is

n-t-1 . . T n .

- (4 +3i) /m\ i ,. _ .n-i v /oy i ., =i

PD(E) < Z —"-'——_n (i) J."e (L - r'e) + '_-L \ij Le V4 o— Pe; (5.2\
i=n-t

-

Timt4l
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where Pe islthe pfobabilify of error of the bi.orthogonal code word. Available

results are shown in Fig. 14 with the error probability plotted as a function of

signal energy per bit to noise density ratio of the inner code. Curve 1 has &

28 - symbol R-S code and a, bi-orthogonal code of rate 1/l6~[3T]. Curve 2 has a

(18, 12) R-5 outer code (12 information elements out of & total of 18 elements)

and a 6 bit bi-orthogonal inner code [38]., Curve 3 has a (63, 49} R-5 outer code

and a 6 bit‘binorthogonal“inner code [40]. Although the code 1eﬁgths are not the

same, it is clesr that Curve 1 is better than Curve 2 which is better than Curve 3.
. The block diagram of the concatenated system for Code IT is shown in Fig. 15.

Although it is possible to getermine the upper bound of the error probability, the

bound may be too looseto be useful., Some computer simulation results were reported

by Richardson et.al. [W4], Let M be the bit—duration — IF filter bandwidth product.

Figure 16 is a plot of ihe error probabilities for v = 3, k = 6 inner code and

v =5, k = 8 inner code with M = 2 and 10 aloné with the perférmance of the coherent

systems without concatenation. The degradation in performance M=2 +t M= 10

is approximately 1.1 to 1.4 dB in Eb/NO, the signal energy per bit to noise density

ratio. It is noted that the performance improvement'ovér the wideband noncoherent

MFSK system [20] is very significant for both ¥ = 2 and 10.

Code ITI was considersd by Odenwalder [39]. A block diagram of the system is
shown in Fig. 17. TFor any inner code of contraint length k bits, there exists a
‘R—S outer code of block length 2k ~ 1 and with 2k - a information bits. I Pe is
the error probability of the convolutional inner code, then the word error probab-

jlity with the R-5 outer code is

k .
2 -1 Xk k

Ple)= ] (2 ;l) PP (1 -p ) | (5.3)
o=[3]

where 4 > 26 + 1 and[%] is the closest integer to &/2., Although analytical expres-
sion of error bound of Code IIT is available for very limited cases [L6], the com-

puter simulation result is more useful. The best computer simulation result of
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(1/3, 8) convolutional iﬁner code and 28 - symbol R-8 outer code is ghown in
Fig, 18. Here v= 3, k = §. Also plottéd in the same figure are the error probab-
ilities of a 5-bit bi-orthogonal code, an (1/2, 8) convolutional code with the
Viterbi's maximum likelibood deccding (from Odenwalder [39], Chapter 5}, and &
econcatenated code {31, 25, 5) with (31, 25) R-S outer code and > bit biuorthogonal
inner eocde, The improvement from bi-orthogonal only to bi—orthogonal/ﬁ—s code is
édded to the (1/2, 8) convoluticnal code to give an estimate of the error probability
of a concatenated code with (1/2, 8) convolutionsl inner code and (31, 25) R-S code.
The error probabiiity of Code IIT is the best among all concatenated codés. The
required interleave-buffer, however, essentially increases the word length,‘or
reduces the effective signal-to-noise ratio.

Performaence curves indicate fhat the concatenated codes greatly improve the
peformance over the uncatenated codes. The decoding complexity increases. from
Code I to Code IT to Code IIIwhile the perform;nce improves iﬁ thé reverse order,
The decoding complexity depends manily on the inner code uséd, For the low

available signal-to-noise ratic, Code III is definitely the best cholce to keep

the error rate also at a low level,
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Chapter VI On the Spectrum of Split-FPhase FSK

I, Introductlon

It is now well known that the use of a spllt;phase baseband signal prov1des
bettef IX response as compared with the use of a non return-to-zero {NRZ] baseband
aignal. The split-phase signal, however, requires a larger transmission bandwidth.
The discrete frequency components that always exist in the spectrum of split-phﬁse
FSK facilitate acquisition and tracking of bit clock. Spectral analysis of the
split-phase FSK has been reported by Hartmann [48], Shehadeh [49] and Chen [50].
Such snalysis is needed to determine the bandwidth of the modultatéd signal and
the magnitude of the discrete frequency components. In this chapter, we cémpare.
the expreséions from Refs.[48Jand[49]for the spectrum of split-phase FSK signals
and determine the‘conditions under which the expressions coincide. Oné uniqué
conc1u51on that can be made from all expressmons is that the split-phase FoK has
very significant discrete frequency‘components at, the 31gnalllng frequencles which
are useful for bit synchronizatidn. |

II. The Spectrum of Split-Phase FSK

The paper by Harimann [MB] has presented a general and very useful expression
for the spectrum of split-phase (Manchester coded) FSK with continuous phase., The

main result of the paper is given by Eq. (1l) which can be simplified to
2D2
2 2
¥ - 1)

(FsinmF - DoinD)® J §(F - n) (6.1)

2-
4+ =
2 (FE _ D2)2

%—G(F) = E§'(cost - COSﬁF)2

where we have followed the notations of Ref. 48 and let T be the bit durationm,

w, = 2Hfi, i=12, ?e the two signalling frequencies, 24f = f2 - fl, f2 fl’

= (£ - £)T, £ = %—(fl +2,), and D = (Af)T be the deviation ratic. The paper

mentions the result by Shehadeh and Chiu [4L9] who assume that fl and f2 are even

integers mulfiplied_by 1/T. Under this assumption, D 1s an integer (D # 0) and
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Eq. (6.1) becomes
opf

Lo = 35 ((21)® - cosTF)? + 0.5 8(F - D) (6.2)

112 (F2 - D2)2

where D is a positive integer.

The result in Ref. 49 mentioned above is the Eq. (66) which should be corrected

to read,
2 2 2
_ A A A A
SFSK—C(M) = E— 8{w - wl) + 18 Slw + wl) + ic 6w - me) + 5 §{w + we)
5 5 Sin2¢l+ (Eg-)20052¢1
A to sin (wl - w)to/h) 2 1
+ _ . —
i (o - mo)toln {1+ m/wl)z
2 2 2 sin2 + (2 )Eccs
aPe fsin"(u, - wle /b FUI 2
+
L (me - w?fo/h (1 + @.)2
w
2
| Agto sing(ml - w)to/h . sine(m2 - m)tolh
e Tml - w)tO/h . (w2 - w)to/h
[Si¥¢lc08(ml -m)t5/2 + 3; COS¢i§i§(wl-w)té/2][sin¢gcos(w2-m)to + Eé005¢25in(wéﬁn)t0/2]
X - .
(1+%) (1+%)
Wy Wo
e N A
T2 . (wl - w)tofh (w2 - Lu)'l'»o/’-L

[sin¢isin(wlqu)t0/2 - ﬁi‘CDS¢1COS(N1q”)to/21[Sin¢251n(m2—m)to/2 - ﬁécos¢2cos(mgqn)t0/2]

(1+%) (1L+2)
ml w2
(6.3)

where we have followed the notaticns of Ref. k9 with to = T, BSince fl and f2 dare even

integers multiplied by 1/7, the condition ¢; = &, is sufficient for the phase of the
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~ignal to be continuous. Letting o) = by = 9 and averaging Fg. (6.3) over ¢ one

rets after some simplification,
2 2 2 2

SFSK—C(M) = %E-S(M - ml) + %E-S(m + ml) + %6-6(w - wg) + %g-ﬁ(w + w2)
s (22 o 1+ (&)
22 Fln (m uw)T/€> W’ 22q (B0 (wgmm)T/h 2
+ +. -
8 \ 1= YT/ (1 + 2 )2 8 (mE-M)T/h (1 + g_)g-
W w
1 2
woow
ﬁgT sing(wl—w)T/h sinz(mg—m)T/h 1+ ai .
- = - y - cos(w, -~ w,)T/2 -
n (wl-w)i/h (wg-w)T/h 1 2 (1 + WOy 4 w
w, w,

[n the last term, cos(wl - mE)T/E is "always equal to cne since fl and f2 are even
integers multiplied by 1/T. Letting A = 2, folding the negative portion of the
spectrum over to positive frequencies, and letiing
1 ’ 1
D= §(f2 - £)7, F = (f - fC)T? f, = E(fl + fe)

one finds the normalized spectrum,

L Y =
= GFSK_C(F, 0.5 &§(¥ -~ D} , ,
. sinlu (T + D)/E)zz. (ch - D)+ (£ +F)
w(F + D)/2 (261 + T - D)2

+

(;ingw(F - D)/2'>2 (f T + D)2 + (5T + 7)°
w(F - D)/2 (gf T D)

+ (£ T+ F)2
[
2

2
ESingﬂ(F + D}/2 singﬂ(F ~ D)/2 {ch} -
w(F + Djj2 m(F - D)/2

+

(EfCT + F)a - D

The discrete portions of the spectrum are identical in Egs. {6.2) and {6.,5). The

continuous ﬁortion of the spectrum in Eq. (6.5) has been ccmputed by H.P. Hartmann

(6.h)

(6.5)

and is shown in Fig. 19. As we can see from the spectral plots, the two expressions
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{Eqs. 6.2 and 6.5) agree for the case ch »> D. If this condition is not satisfied
(dashed curves), the expression derived‘from Shehadeh and Chiu [49] takes into
.account.the apectral foldover, while the expressién from Hartmann [48] does not.

In fact, it can be shown that the two expressions coincide for féT >> D, ch >> r, -

snd D being a positive integer. If one let ch »> D and ch >> F in Eq. (6.5), one

finds, 5 o 5
(£.T - D)” + (£ T+ F} ) 2(ch) 1
* - = A s
(2f T+ F - D)° h{f T)2 2
2 C
2 ) 2 2 2
(ch + D) + (ch + F) 1 (ch) - D+ (f‘cT + F) 1
Y] —_—
(2t T+ F + p)° < (2 £T + F)° - D 2
and - .
. 2 Y- 2
E-G (F) = 1 |sin T(F + D)/2 _sin m{F - D}/2 -
T “FSK-C 2 m{F - D)/2 n(F - D)/2
2
1 1 - cosw(F + D) 1 - cosn(F - D)
o2 (F + D) - (F - D)

_ 1 |2p+ (F - D)cosn(F + D) + (F+ D) cosn(F - D) 2
i 7o - D7 -
S B (6.6)

in addition to & term., If D is an integer, Fa. (6.6) reduces to Ea. {6.2) and thus:
verifies the computer results. If D is not an integer and if ch »>» D, the two
expressions do not coincide. TFor example, one may consider the special case F = D.

Eq. (6.5) becomes 5

2
: sy - ( stz 2D 22

G TF

4 ( SiIlETrF )2
T "FSK-C

mF

. L
| (2r 1) 2
In Eq. (6.1), by using L'Hospital's rule, the continuous spectrum becomes

2D2 (cosmE} - cosTF) sinnF -

=0
e F F=D

and the inconsistency is clear.
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IIT., Concluding Remarks and Acknowledgement .

We have shown that the two expressions of the spectrum of the split-phase FSK
colncide if ch »>>D, fCT >> F and D being a positive integer. Significant discrete
spectral components occur at F = D, and D being a positive integer. It is assumed

that the FSK signal has a continuous phase.

The author would like to thank H. Peter Hartmann of AG Brown, Boveri & Cle of

ayitzerland for the fruitful exchanges on this subject which lead to Ref. 9.
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Chapter VII Computer Study of Phase-Locked Loop Behaviors at Low Data Rate

I. Introduction

The performance of cormmand and telemetry systems, useful in deep-space communi-
eations, is frequently affected by the radio-frequency phase error which is introduced
at the point of reception by means of the carrier tracking loop. In low data rate
communi cations, this phase error may vary rapidly over the duration of the signaling
in£erval. Causes of this type of behavior in planetary entry are turbulence, dispersion,
attenuation and residual doppler. The rhase wvariations cannot be tracked by a phase-
locked leop of lower bandwidth, while the signal-to-noise ratio in this minimum loop
bandwidth is too low.

When the ratio of the éystem data rate to carrie% tracking loop bandwidth is less
than one, the problem of power allocation between the carrier and the data has been
congidered by Hayes and Lindsey [51], Thomas [52], Sergo and Hayes [53]. For channels
with time-varying phase, Heller [54] examined the performancetof.a sequential decoding
system. An excellent treatment of the nonlinear ahalysis ofithe phase-locked loops
is glven by Viterbi [55] and Lindsey [56].

In this chapter the rapidly varying phase is chaia#terized by a sinusoidal input
phase, ksin (wot + m/6), which models a typical phase variation in communication over
turbulent media. Nonlinear analysis of the phase-locked loop behaviors in the absence
of noise has been performed by extensive computer study of the phase-plane trajectoriés
[571, [58], [59], [60]. Readers interested in the detailed computer results should
refer to Refs., 57-60. Only the problem formg;ation and the summary of the computer
results are reported in the present chapter. Both the sinusoidal and the sawtooth
phase detectors are considered. The sawtooth phase detector considerably improves

the acquisition behavior of the phase-locked loop at low data rate [601],
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II. The Loop Equation

. Following the notations of Viterbi([55], Chapter 3), we consider first the

differential equation of a second-order locp with perfect integrator.

2 dzﬁ
§L§-+ AK cosg 4 . ahX 'sing = L (7.1)
at v at?

‘where $(t) is the phase error, AK is the loop gain, Bl(t) is the phase of the input
signal, and the transfer function of the leoop filter is
a .
F(S) = 1 4+ S— '7 . (7-2)
The loop can track the frequency ramp with zero steady state error. Now we consider
the important case that Bl(t) is varying several cycles over a bit interval of, say
1 second which is typical in low data rate communications. The variation is normally

caused by the time-varying chennel .’ Let

— = Tr )
Bl(t) = k sin (wot + EJ (7.3)
By normalizing the varisbles with N
2 .
= E'— = t = ud—'-?— LA M . ‘

al' = AK y T % AKt: ¢ dr > ¢ dTa - ({-h‘)
Eq. (7.1} becomes 5

" . kmo w,T -

¢ + ¢ cosp + a' sing = - 5 gin (KK- + ) o (7.5}

(aK)

which in turn can be written in the state equation form as

I - 2
= _ _ a! 5i . -5 1 L 7
X, x, cos xl a' sin x, (AK)Z sin { it gﬁ {(7.6)

vhere x, = o{t). It is noted from Eq. (7.5) that the larger the loop gain, or the
loop bandwidth, the smaller the frequency of the forcing function given byEq. {(7.3).
The frequency fo is reduced by a factor of AK, and the amplitude kmi is reduced

by (AK)E. In other words, the large looplgain reduces the effect of the time varying

input phase ¢l(t}.

. Y

For & third order loop with loop-filter transfer function

: a b
F(s) = 1+ -+ -S-§ | _ {(7.7)
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the differential equation {Viterbi [55], p. 6L} is

d? a : t deel

-92 + (AK =t aAK)sing(t) + DAK f sing(u)du = > (7.8)

dt . dt

o

which byusing Eq. (7.4) and (7.3), can %e reduced to

. R { kwo wOT i)

1 i 1 4 = e s —_—
b+ ¢ cos¢ + a' sing + b J sing 4ar o sin { i * z) (7.9)
(AK)

which in the state equation form becomes

X = x A '

R ? o

X, = = X5 €08 X = a' sin X - b! f gin X dr - ——9-2 sin (—Eﬁ-+ E} (7.10)

(AK) |

where

b! = bg andx1=¢{t).

(&K)

‘Phase-plane analysis of Egs. (7.6) and (7.10} is performed by using the second-
order Runge-Kutta method (see, e.g [59]). The computer results are reported in
Refs. 57-5Q. A typical computer program is given »s Appendix to this chapter.

If the séwtooth phase detector is used to replace the sinusolidal phase detector,
the state equation becomes

* . »

X, = X

1 2 2
. . kw on T
= e — ' — —— i ——
X, x, - & saw(xl) o sin { it 6-) (7.11)
(AK) .
where
saw(x} = x, |X| <

and saw(x) = x mod. 2m, |[x| >«
Some comparison of the two phase detectors and the tanlock phase detector has -
been given by Long and Rutledge [61] and Uhran and Lindenlaub [621.

IIT. Summary of Computer Results

(1) Sinusoldal Phase Detector, Second-order Loop with Perfect Integrator
Consider first k = 0.001., The loop behavior depends on the ratio fo/AK. It is

noted that the steady state phase error cannot be reduced to zero because of the
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continuous input phase variation. The condition for stability is the condition for
the loop to settle with a stable "limit cycle." It 'is determined from the phase-

plane study that fO/AK j_h is the condition for stability. The parameter values

for the equality to hold are called threshold values. For specified {fixed) fo,
the threshold value of k depends on a' = a/AK, For £, = 1.1 Hz, AK = 16, a = 8,

kth = 1,661, For fixed X, the threshold value for fo is very sensitive to small

parameter variation. For k = 10, AK = 16, a = §. The threshold value can be
determined from Figures 20, 21 and 22, The trajectory is still converging at
foth
at fO = 0.59h8.

= 0,593 . It starts to diverge at f_ = 0.5943 and the loop is clearly unstable

(2} Sinusoidal Phase Detector, Third-order Loop with Perfect Integrator

For k = 0,001, fO/AK < 1/4 also appears to be the condition for stabllity. The
increase of the parameter b' only causes the trajectory to drift more with larger
steady siate phase error [59]. A careful comparison [59] between the second-order
and the third-order loops indicates that the third-order loop has no real advantage
over the second-order loop at low data rate.
(3) Sawtooth Phase Detector, Second-order Loop with Perfect Integrator

For a = 8, AK = 16 and the specified values of f , the threshold values of k

can be tabulated as follows:

fO(Hz)‘ Ikth(sawtooth) kth(sinewave)
1.1 8.98 1661
1.0 : 10.66 3 |
0.8 : 16.215 5

0.5 40.5 10

0.25 . 163.0 50

where the estimated threshold values of k for the sinuséidgl phase detector are also

inecluded.
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For input signal phase with freguency ramp of slope R radfgece, viterbi ([55],
Eq., 3.27) has shown that the condition fbr.stahility for the sinusoidal phase
detector is R' < a' where R' = R/(AK)e. ‘By using the sawtooth pha;erdetector, the
condition for stability is determined from the computer study as R' < 3.017 a'

which is a considerable improvement over the sinewave phase detector,
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Chapter VIII Coding/Modulation Selection and the Interplex System

I. Introduction

In this chapter we shall be concerned with thé selection of coding/modulaticn
technigues for the Piéﬁeer-Venus main probe and small probe communication links [é3].
We then discuss a very promising modulation system, namely interplex, a straight
PCM/PSK approach whiéh obtains & coherent demodulator reference for binary PSK when

the carrier is completely suppressed.

II. Coding/Modulation Selection

The main probe commnications link, like most space applications, is constrained
by effective radiated power but not bandwidth. Hence coding to increase channel
efficiency is ‘desirable =o long as the resulting complexity is manageable. Most
coding techniques commonly used, however, are designed to improve efficilency of
white Geussian noige channels and are extremely sensitive to burst or fading effects
which may be anticipated in the Pioneer-Venus missions. The heavily interleaved
block-type codes designed }or bursty channels are generally not wery efficient. A
solution is to concatenate two codes: an inner convolutional code and an outer Reed-
Solomon (RS} with an interleaviné buffering scheme ss discussed in Chapter V. It is
anticipated that when the channel is well behaved (i.ef not bursty), the E/N0 required
will be 3 dB + 1 dB with these codes. During periods of deep fading most errors will
be corrected provided that the fading characteristies have been reasonably well
predicted and the channel is below threshold no more than 30% of the time [6k4].
Certain convolutional codes, namely the diffuse threshold-decoded convalutional and‘
Gallager's adaptive error correcting scheme are capable of correcting random errors
and extended error bursts and are thus suited to channels with memory. To design
such codes effectively, it is necessary to understand the fading spectrum rather
well. Presently the preclse fading characteristics are not available (see Chapter IV),

We have to make use of the best available information in code design.
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From the nature of thé convolutional coding systems and from test results, it

is found [65] that the Gallager code is more suitable to channels where bursts are

dense and intervals between bursts are clean, and the diffuse code is optimum for

channels where bursts are more graduel and background error rate is not negligible.

The adaptive Gallager code [66]which employs convolutional coding to combat random.

errors and a form of time diversity to combat burst errors sappears to meet the needs

for the communication situation under consideration. The reasons are:

(1) It offers the simplicity attendant to using Viterbi decoding algorithms when
the channel is not experiencing severe fading,

(2} The bursty channel actually exists for a small.percentage of the overall mission
duration. The co@e is suitable for both bursty and additive Gaussian noise
chammels.

(3) Test results indicate that at a burst-correction capability of about 6 seconds,.
-the -code is error-free .00 nercent of the time which is much better than the use
of simple diversity system. This capability is adequate for the Venus atmospheric
channel as the average duration for each deep fade is less than 6 seconds.

Errors in the guard space, however, must be corrected as much as £ossible.

Modulation choices are not independent of the coding choice. Two types of
modulation have been considered fof use with heavily coded systems, These are
coherent PCM/PSK/PM and noncoherent MFSK. Generally the coherent system is more
efficient except at very low date retes in that case the noncoherent system is better.

It appears that the baseline modulatiqn/coding scheme fof the large probe should be

based on coherent PCM/PSK/PM modulation with convolutional inner and RS outer codes.
Smail probe communication geometry is similar to that of the large probe,

particularly during the terminal descent phases; thet the communications environment
will be essentially the same. In particular, the possibility of deep signal fades

due to atmospheric turbulence will be present. Consequently, the coding approach
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suggested for the large probes, a convolutional inner éode concatenated with a RS
interleaved outer code, is als; sppropriate for the small probe.. With regard to
modulation, howewver, tpg low data rate for the small probe results in a poorer rét?o
of the reguired carrier power to data channel power, in a PSK/PM system, than was
the case in the large probe. In this case the noncoherent MFSK system would be a

better choice.

ILI. The Interplex System

Tt is well known that maximum efficiency of a coherent single-channel PCM/PSK/PM
system is‘achieved by completely suppressing the EF carrier, and that a coherent
local carrier reference required to demodulate cen bé established by nmeans of a
Costas loop [67], a squaring loop [55]1 or another type of decision-directed tracking
loop. However, in the existing two-channel system, it is theoretically not possible
' 4o completely supress the RF carrier without simultaneously eliminating one.of the
channels. Recenily a nev two-chanmel modulation escheme called Tnterplex [68] has
been suggested where the intermedulation loss and the RF carrier power can be
eliminated without compromising any of the advantages of the existing system., Not
only is the Interplex systeﬁ more efficient than the existing system,'ﬁhen séme
wnsupppressed RF power 1s transmitted, but it permits 100% of the transmitted pover
to be allocated to data-bearing sidebands while preserving- two-channel PCM/PSK/PM
operation at all ratios of chennel powers. In this mode, the RF é;rrier is completely
suppressed; therefere, it is necessary to develop a method for maintaining frequencj
and phase sync at the receiver by methods other than the standard phase-locked loop..

I+ can be shown that although Costas or squaring loops can be used, thelir

performance deteriorates rapidly as the ratio of the channel powers (or data rates)

o = PE/P1 inereases until no tracking is feasible when o = 1. Timor and Burman [69]



k0~

developed methods for tracking the phase of a suppressed carrier for the two—channel
Interplex system. The resulting RF power will be indepéndent of o, They also
considered the performance of the system in the presence of noise. Further comparison
between the conventional and the Interplex system is available in Ref. T0.

The Interplex system offers a good possibility for maintaining coherent cperations
in both large probe and small probe commmnication links, Performance of the system

in the presence of deep fades remains to be studied.
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Chapter IX Conclusion and Further Work

I. Conclusion

In his efforts to understand more about distaﬁt planets via unmanned space
missions, man has bepéfited far more than the knowledge he gained about such planéts.
In the commmnication system design, for instance, there have been numerous problems .
which were never experienced before in commercial end wilitary communication
spplications., The research and development efforts in deep space communications
have added an important dimension to the field of communications. For the first time
there is considerable study in designing communication receivers operating in the .
presence of large frequency wncertainty [71]. The possibility of deep fades due to
the Venus atmosphere has prompted careful study of the Venus channel, A need for
high communi cation efficiency leads to intensive efforts of designing better codes
such as the concatenated code, and decoding algorithms. The availability of new
digital processing techniques has improved the softﬁare receiver design. These
have been the topics in the present revort.

It is reasonable to conclude that, although there are still many problems to
be studied, we now have a much better understanding of the. low data rate digital,
space communications, Continued efforts in these studies will assure the success
of the fortheoming untried deep space missions. And many of the results we obtain‘
from these studies will alsc be very usefuquor solving the communication problems
on earth, | |

TI. Recommendations for Further Work

In Chapter IIL, the software or hardware implementation of the proposed all-
digital system is recommended.
In Chapter III, re-evaluation of the system performance is recommended when

more precise fading characteristics become available,



“hoo

In Chapter IV, precise fading characteristics remain.to be examined.
In Chapter V, the best available performance from using the concatenated
~ code (Céde IIT)} must be evaluated theoretically.

In Chapter VI, further study is needed on the power spectral density of the
angle modulated signal with split-phase baseband format.

In Chapter VII, theoretical analysis of the phase-~locked loop behaviors ﬁith
rapidly varying phase error is much needed. Further computer study on the third-
order loop is also recommended.

In Chapter VIL, the modulation selection for smell probe communiecation link

needs further study in view of the available Interplex system.
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CMATHPGM
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‘G TETLE : AMPLITUDC FADING STATISTICS ——= AFS—1.

‘-*a‘***ﬂ‘-.-’f-'—'r rf’ B S kw‘ bR A ] "rﬂ'-‘\k*)"’:"\-‘ﬁ X A
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BRAR R R R AR

DIFFERENT

P

FADTING

TR2Y ARE THE FALDING LEVELS L(NPﬂhLL TO FREE SPACE FGR TwO DIF
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R S R R
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C
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£

o CORMULARS BY DE WOLF.
C

C FREGUENCY = 2.3GHZy THATA = O DEGREE.
C
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i FORMAT(F20.3)
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10 READ{1,1.,END=30010
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W TCONTENUE e
200 G TO 10 e o o i
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o TICNS. .
C - e e e e+ s s o Ans imi i mew m wh St AT T oo AR —masam S ——
EWEEE¥¥*$#5¥$T;T%:j7ﬂ+f;#"ﬂ:§:?¥77175¥17$;§Q¢ e o e R T e AR KR A R R ol R R R R
_ @ penr ok, LS e
LﬂG{xAJ“ﬂLUh(AA
~ WH_YEEY e _ . - . e
6550 TF{K.GT.1.) GO TO 800
660 KB=KE®Z e ~ M
670 TF(K.GT..13 GO TO 720 _ °
 6EB0 REKXY/1.414% (1.=3./8.%KB}+K8/4 % (1.-K8/6,) o ) )
690 R=B,6B589% (R-(fuY)#u2% (1, /4 e~KeY/ b/ Lot %))
CTO0_R=R-3.6853S%LCC{SCRT [1.4KB )} o
710 GC TO 940
720 R=l.4Kt/ /4% (1. ~K8/24.%(1,=,35% KB)}vq N ] o
TR0 FERAYAK /L aLGF L —KE/ Bl Lem3. /18, 5KE))
140 R= R+Y*?2*K“%??/24.J{le—l( /40 FKE) B ) o o o ~
TR0 RER-KEESEYEEI /320 LG LA+KAFERYRNL B0,
760 R=H,44589%L0G (R) o o
TTIT0T 1558.68559% LG ISCRT (L. +KE )
180 R=R-RYH o . — - e _ e
790 w0 To 940
800 _X==L0OG(P) - B o B ) )

1050 A=-1,

1030 Y=AK(T-Y)
LYY=y -
1040 40 10 1080

1060 §=l.~a
1070 G0 Ty 1000

SUSRCUTINE TN FIND Yy WHERE Y IS THE LEVEL SUCH
STAN CR NCRMAL PRCEABILITY DISTRIBUTICN, P=PRUOBIR'<Y)

]
r

su
YRR R R R #»u&s#ﬁvaka¢*¥ A S L P T T
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THAT FOR A GAUS-

A & % o At e e 0 A

Gl ok F AR R AR RN

LH80 RETURN
END

Tyi0 IF(K.53T.10.) 50 TO 900
820 K8=1./(K¥%2)

HGO R=RH(KHEE4Y /24051 -1T./2.%X+43, /0. ®X¥%2-32, IZﬁ&_

TTHB0 R RN 2 XER

B60 R=4.4429%{LOGIRY)

e 258 ,65589%LCCISGRT (L. pCEE2 )Y
) R=R=RH

8490 G0 Tu 940

900 R—8.6b369?LLulKl+4.jﬁ IRLUG(X)
TGLO R4, 3429/ (K2 R (L. ~X/a o/ (KiEw2 )

920 RS=A.6A5BISLCGISTRT (L #KE¥2))

‘g30 R=R-RY

| 940 RETURN _
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APPENDIX - CHAPTER 7

MA NP
S5 s S g et e s 4 K ok o e A 4 s e ol S e e e e o R et el R
9L“lt Alﬁ_Y\l; RITH PERFCCY FILTER %

e e -\1 Ir Le oha fr e 2t mle ade mle obe Wby ol ot B T D L L
F2ole foainn. Rl 2 bt an 2 el R AT TR N N R AT R ¥oodo drow sk s -

Al K
DI MU ST YIIQOU).7(10%0!,ThULt@QOO)JDTAUl(lOOOI
OSSN FUL2)

NDATA FNO/ 994, .5945/7

H=.05

wz2. /.

=l-§/(,’{,'-‘.=§-,f]‘ ot smmemer—emwen s s o 7T
D=3, 14l93265 _

FurMAT(4F5.2) - T - - o -

FramaT {1H0, 4%, VHUMDBER Y, 21Xt X1, 24X, 227 s 22X YOTAUT L 20X, 'YAU‘)
F“RLH1(3X91G JTAyCLAaT,13%,E147,12X, EltaTy ?X, A4, 7Y "
FORMAT (L1

an;*|<1uﬁ) - e -
\th}‘}_!]. g T “lD)Xl’\yXZf\f.ﬁ\|l‘s

NO 9 U=L,2 e B

=10,

Ap=i/A - S e
FREC=FOLY)

Wl=. 5P IRFREG - - - - :

X1=X1A3 .

N2EX7A e -

TAU=O.

DTAU=0. e oo e e e B e
K1D=A2

' XZD:"CQS(XI)*XZ“AP*S{H1WI)~{K*(W'$*21/(A**2)1*SIN1[WZ*TAU!A]+PI/6.“
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no & I=1,1000 e e o en s e
TF(I.LE.2)50 TO 7 .

OTAU=ABS (Y (1-1)=Y {1=23) /7 ((Z0I-1) 42 ([=2) ) /22) )y~ - e e
TAU=TAU+DTAU

A1H=X L +REX1D R e Rt
X2H=A2 +R 5 X2D

S 1DK=X2H e - e
X20H=~C05 (X 1H) #KZH=-ADE 5]3(X1|)~(K1(w1ﬂa/}/(A -?))«%1N((W& TAU/AY+D

‘ [,[,. , - im e e e fma e e . o - f e 4 R e e e W b

XlsXLl+Hs ({1l .~ #XI0+REXTIDHY :

X2= X,ﬁiH"( 1.-—1,14-)(?D+‘.f« XADHY - - o R R
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K?Uf~CD%(K1}wX£ SAPESIMIXE) =K (WZux2) / (A%R2) ) XS TN EtWZATAU/AY+P L /6.
E.J

¥ (1y=X1 s e o e e e e _— e e
FU1Y=X2 _

TAULET )Y =TAY S e o et et = e e e e e 4 et e e s
DTAULITY=DTAU

CONT INUE . e e e e e i e e e —
CALL PLOFIT (Y,Z2,1000) . ‘
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CONT (WUE s : : -

CALLL EXIT

LA - ‘ e

e a b casme st e EMid e it Ry = R e e m i i ke B e bl e T T

e la AR bt A R it o ot i




